Improving accuracy in DOSY and diffusion measurements using triaxial field gradients  by Kiraly, Peter et al.
Journal of Magnetic Resonance 270 (2016) 24–30Contents lists available at ScienceDirect
Journal of Magnetic Resonance
journal homepage: www.elsevier .com/locate / jmrImproving accuracy in DOSY and diffusion measurements using triaxial
field gradientshttp://dx.doi.org/10.1016/j.jmr.2016.06.011
1090-7807/ 2016 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author.
E-mail addresses: peter.kiraly@manchester.ac.uk, peter.kiraly.nmr@gmail.com
(P. Kiraly).Peter Kiraly ⇑, Iain Swan, Mathias Nilsson, Gareth A. Morris
School of Chemistry, University of Manchester, Oxford Road, Manchester M13 9PL, UK
a r t i c l e i n f oArticle history:
Received 26 May 2016
Revised 15 June 2016
Accepted 16 June 2016
Available online 17 June 2016
Keywords:
DOSY
Convection
Diffusion
NMR
Triaxial gradienta b s t r a c t
NMR measurements of diffusion in solution, whether primarily quantitative, or, (as in DOSY, Diffusion-
Ordered Spectroscopy) qualitative, can be particularly demanding. Here we show how the use of appro-
priate transverse (x, y) pulsed field gradients, orthogonal to the more usual z axis pulsed field gradient
applied along the long axis of the sample, can greatly reduce two important sources of systematic error
in diffusion experiments. These are the extra signal attenuation caused by sample convection, and
gradient-dependent signal phase shifts caused by the magnetic field and field-frequency lock distur-
bances generated by field gradient pulses.
 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction temperature gradients, both vertical and horizontal, within theNMR methodologies offer the most powerful and essential ana-
lytical tools in modern structural chemistry and biology. Since the
early days of pulsed NMR experiments, pulsed field gradient meth-
ods have been used to measure self-diffusion coefficients [1–4].
More recently, the importance of Diffusion-Ordered Spectroscopy
(DOSY) has increased steadily across a broad range of applications,
[5–12] reflecting the importance of mixture analysis in both phar-
maceutical and academic research. Whether diffusion is measured
as an end in itself or, as in DOSY, as a means to distinguish the sig-
nals of different species in a mixture, the values of diffusion coeffi-
cients carry useful information about the sizes of species in solution
[13–18]. Accurate diffusion measurements and clean DOSY spectra
depend critically on the quality of experimental results, which are
vulnerable to a variety of systematic errors. Common sources
include spatial non-uniformity of the pulsed field gradients used
[19,20], sample convection [21–24], disturbance of the static mag-
netic field caused by eddy currents [25], and disturbance of the
field-frequency lock [26–28]. Here we describe how transverse
pulsed field gradients can be used to circumvent some of the prob-
lems caused by three of these sources of systematic error.
The problems caused by convection have been extensively
studied, and a wide variety of different experimental methods
proposed for reducing them [21–24]. Convection is caused bysample. Slow convection leads to extra signal attenuation in pulsed
field gradient experiments, leading to overestimation of diffusion
coefficients if not corrected for. Faster convection causes severe
signal loss, and phase and lineshape anomalies. Even minor
changes in experimental conditions (e.g., in the rate of gas flow
used for variable temperature regulation) can significantly affect
the rate of convection and degrade the accuracy of diffusion mea-
surements. From the point of view of the analytical chemist, spot-
ting the presence of fast convection is straightforward because of
the severe signal loss. But the effects of mild convection are much
more insidious, enhancing the rate of signal attenuation without
significantly affecting the shape of the attenuation curve. This
makes the effects of mild convection difficult or impossible to
detect (unless of course the sample contains a reference signal
with a very low diffusion coefficient, in which case any convective
attenuation results in an anomalously high apparent diffusion
coefficient). A variety of pulse sequences have been developed that
seek to compensate for the effects of convection, but such methods
can be time-consuming due to the long phase cycles needed for
clean results, they generally suffer from reduced sensitivity com-
pared to normal sequences, and they use more field gradient pulses
and are more susceptible to problems of field and lock disturbance.
Convection-compensated sequences therefore tend to be used
mostly when problems with convection are known or expected,
while most experiments are run without compensation.
The problems caused by eddy currents have been greatly
reduced by the introduction of shielded gradient coils, which min-
imize the fields generated outside the gradient coil. However, they
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time- and spatially-dependent field disturbances and lock errors
generated leading to lineshape disturbances that often take the
form of apparent signal phase shifts. It is therefore routine both
to use stabilization delays after each field gradient pulse in a
sequence, and to use sequences that partially cancel the ill effects
of eddy currents. Unfortunately, neither of these expedients offers
a complete solution; phase errors persist even with very long gra-
dient stabilization delays, and with sequences in which the gradi-
ent pulse waveforms are carefully balanced.
Here we show that pulse sequences for DOSY, or diffusion mea-
surements, that use diffusion-encoding/decoding along an axis in
the transverse (xy) plane, instead of along the vertical (z) axis,
can significantly reduce the effects of convection. Careful choice
of the combination of simultaneously applied field gradients along
the x- and y-axes has also allowed us to minimize the ill effects of
eddy currents, which are unfortunately more significant when
using field gradients along an axis in the transverse (xy) plane than
with conventional z gradient pulses. While convection may be dri-
ven by temperature gradients along any axis (not just z, as is often
assumed) the dominant motion within the active volume of a static
NMR sample is vertical irrespective of the direction of the temper-
ature gradient. Experiments that measure the effects of transverse
displacements of spins, using transverse gradient pulses, are there-
fore far less vulnerable to convection than conventional experi-
ments, which use z gradient pulses and are sensitive to vertical
displacements.
The relative immunity to convection when using transverse
field gradient pulses to encode/decode diffusion was noted by
Bodenhausen and co-workers [29–31], although the pulse
sequence described in that paper only used transverse gradientsFig. 1. Pulse sequences for (a) diffusion coefficient measurement with Oneshot45
[34,35], and (b) sample velocity profile mapping using a modified Bipolar Pulse Pair
Stimulated Echo with Convection Compensation (DBPPSTE_CC) sequence [21], in
which an imbalance D2 is introduced into the diffusion delay D1 to cause signal
amplitude to depend on the velocity distribution within the active volume of the
sample. The different directions of gradient pulse Gr are made by applying
appropriate simultaneous pulses along one or two of the three axes available in the
triple-axis probe. Pulses along z use the z axis only, pulses of amplitude G at an
angle a to the x axis use an x amplitude of G cos(a) and a y amplitude of G sin(a).
Allowance has to be made for the fact that the actual gradient amplitudes generated
for a given nominal gradient differ slightly between the three axes. 90 and 180
radiofrequency pulses are denoted by open and filled rectangles, respectively. The
optional 45 pulse in the Oneshot pulse sequence, which can be used to suppress
J-modulation [35], is indicated by dotted lines. Gradient pulses g2 and g3 are
employed to enforce coherence transfer pathway selection and are indicated by
filled rectangles. Diffusion-encoding gradient pulses g1a, g1b, and g1c are denoted by
shaded rectangles, and details are given in Section 2.to purge unwanted magnetization. (Note however that because
the active volume of an NMR sample is taller than it is wide, field
gradient pulses along the z-axis are more efficient at selecting
coherence transfer pathways and/or purging unwanted magnetiza-
tion than transverse pulses.) The use of transverse gradients has
also been analyzed for excitation sculpting experiments, where
coherence pathway selection with single axis gradients is vulnera-
ble to artefacts depending on the relative amplitudes of the gradi-
ent pulses applied [32,33]. Here, we provide experimental data to
demonstrate the advantages of using transverse field gradient
pulses for diffusion encoding. Importantly, we show that empiri-
cally optimizing the choice of axis in the transverse plane can
greatly reduce lineshape disturbances and signal phase errors. A
modified convection-compensated pulse sequence is used to eval-
uate the extent of convection along each axis in a simple sample,
and the Oneshot45 sequence [34,35] is used to determine the
dependence of signal phase error on gradient direction and to
demonstrate the improved performance possible in DOSY experi-
ments (Fig. 1).
2. Experimental
NMR spectra were acquired using a 500 MHz (11.7 T) Agilent/
Varian VNMRS spectrometer equipped with a triple channel pulsed
field gradient amplifier. An indirect detection, triple resonance
HCN Varian NMR probe with a triaxial gradient coil was used for
all experiments. Temperature was stabilized using a variable tem-
perature airflow regulated at a nominal temperature of 25.0 C
with a flow rate of 10–12 L/min unless stated otherwise. A sealed
sample tube containing deuterated methanol was used to deter-
mine the actual temperature in the NMR samples, whenever this
was needed. Typical 90 pulse widths for protons were about
9 ls. Samples were left in the magnet for several hours before dif-
fusion experiments to ensure thermal equilibration. The field fre-
quency lock system was only sampled during the relaxation
delay of the DOSY sequences, in order to minimize perturbations
caused by the applied field gradient pulses (note that this is not
equivalent to the use of ‘‘lkgate_flg” in the standard Varian/Agilent
pulse sequence implementations). Pulse sequence codes, data files
and all related processing macros are freely available at DOI:
http://dx.doi.org/10.15127/1.300824 and http://dx.doi.org/10.
15127/1.300825. All compounds and solvents used were obtained
commercially and were used without any further purification.
2.1. Samples
CuSO4 was added to 1% H2O in D2O (sample 1) until the water
proton T1 was reduced to 0.2 s at 25 C, 500 MHz. The sample
was sealed, and used for calibrations and to investigate pulsed field
gradient induced phase errors in diffusion experiments. Two com-
plex mixtures were also prepared to provide examples for applica-
tions. A mixture (sample 2) of 6 mM coronene, 130 mM
trimesitylborane, 5 mM trimethyltin chloride, and 160 mM tetram-
ethyltin was prepared in 10% CH2Cl2 90% CD2Cl2. Chromium(III)
tris-acetylacetonate was also added (ca. 1 mg mL1) to allow rapid
pulsing. This sample has a large dynamic range, and covers the typ-
ical proton chemical shift range. A second mixture (sample 3) con-
taining carbohydrates (70 mM D-glucose, 60 mM D-trehalose,
60 mM D-raffinose, and 30 mM a-cyclodextrin) without any relax-
ation enhancing additives was prepared in D2O to use as a final test
of the transverse DOSY experiments.
2.2. Experiments
Gradient strengths along the three axes were calibrated by
running Oneshot DOSY experiments using sample 1, in which the
Fig. 2. 500 MHz 1H NMR spectrum of sample 2 (dichloromethane, tetramethyltin,
trimethyltin-chloride, coronene, and trimesitylborane in dichloromethane-d2). The
inset shows the orientation dependence of convectional attenuation, as measured
using the using pulse sequence of Fig. 1b. The signal intensity of CH2Cl2 (inset) as a
function of delay imbalance (D2) between 0.05 s and +0.05 s in steps of 0.01 s was
plotted using diffusion-encoding along the x (bottom), y (middle), and z (top) axes,
respectively. The presence of convectional motion in the gradient direction causes
additional signal decay for nonzero imbalance delay D2.
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water (HOD), is 19.13  1010 m2 s1 [36] at 25.0 C. The strength
of gradient along the x, the y, and the z axis was found to be
26.8 G cm1, 25.2 G cm1, and 65.2 G cm1, respectively. Acquisi-
tion time was typically 0.8192 s using a 5 kHz (or 10 kHz for sam-
ple 2) spectral width and 4.3 s (or 3 s for sample 2) recycling delay.
The duration and amplitude of the purge gradient pulses (g3) were
1.0 ms and 4.2% of the maximum available respectively. The dura-
tions of the diffusion-encoding field gradient pulses were 0.5 ms
when using pulses along the z axis, and 1.0 ms otherwise. This
setup resulted in similar signal decays when comparing experi-
ments with only z PFGs and x, y PFGs, because the z field gradient
coil is approximately twice as efficient as the x and y coils. The dif-
fusion delay (D) was set to 50 ms with the exception of the velocity
profile mapping, where D1 was set to 120 ms. The diffusion-
encoding gradient amplitude was arrayed at 11.0%, 32.7%, 45.0%,
54.6%, 62.7%, 69.9%, 76.4%, 82.4% of the maximum in DOSY exper-
iments using sample 1, and at 11.0%, 23.8%, 31.8%, 38.1%, 43.6%,
48.4%, 52.8%, 56.9%, 60.6%, 64.2%, 67.6%, 70.8%, 73.9%, 76.8%,
79.7%, 82.4% of the maximum in DOSY experiments using sample
2 and 3. The relative amplitudes of g1a, g1b, and g1c were kept in
the ratio 2:4:1 (Fig. 1). The gradient stabilization delay was kept
at 0.5 ms in DOSY experiments, except when phase errors were
investigated that involved the comparison of different stabilization
delays (see below). The total heat dissipation in the gradient coils
was kept constant by decrementing the amplitude of g4 while g1
was incremented.
The ill-effects of using pulsed field gradients (Figs. 4–6) were
investigated by analyzing the relative phases of a series of DOSY
experiments that were acquired using field gradient pulses along
axes in the transverse plane (xy) incremented in approximately
5 steps. In addition, three experiments using field gradients along
the z axis were compared: (1) a DOSY experiment arraying the
strength of the diffusion-encoding gradient pulses as normal; (2)
a similar experiment in which the signs of all field gradient pulses
were reversed; and (3) an experiment in which the signs of all gra-
dient pulse were alternated in successive transients. These experi-
ments were collected with four different gradient stabilization
delays (0.05 ms, 0.5 ms, 1.0 ms, and 6.0 ms).
The effects of convection on DOSY experiments using field gra-
dient pulses along the z axis or in the transverse (xy) plane were
compared by mapping the velocity profile in sample 2 using the
pulse sequence depicted in Fig. 1b. The durations of the purge gra-
dient pulses along the z axis (g2 and g3) were 1.0 ms, and their
amplitudes were 11.9% and 17.9% respectively of the maximum
available. The durations of all field gradient pulses were doubled
when using field gradient pulses other than along the z axis; the
durations of diffusion-encoding gradient pulses were as previously.
The diffusion delay (D1) was set to 120 ms, and the diffusion-
encoding gradient amplitude to 39.7% of maximum. The diffusion
imbalance delay D2 was arrayed from 50 ms to 50 ms in steps
of 10 ms. A series of experiments was carried out using field gradi-
ent pulses along the z axis, and along axes in the transverse plane
(xy) in approximately 5 steps. Data are only shown (see Fig. 2) for
field gradient pulses along three orthogonal axes (x, y, and z), but
the effects of convection were not observed for diffusion-
encoding pulses along any axis in the transverse plane.
3. Results and discussion
3.1. Convection
Convection is one of the major problems for accurate diffusion
NMR experiments. Even mild convection can cause large errors in
diffusion measurement; unfortunately, experimental data often
show little internal evidence of any problem, making the detectionof convection very difficult without further experiments. Devia-
tions of the shape of the signal attenuation curve as a function of
pulse field gradient amplitude from the exponential form expected
from the Stejskal-Tanner equation [37] only become apparent
when the attenuation due to convection approaches that due to
diffusion, by which point the apparent diffusion coefficient is
already severely overestimated. Variation of the apparent diffusion
coefficient with diffusion delay D can be another signature of con-
vection (or of restricted diffusion), but again is a relatively insensi-
tive test. Here we use the variation in signal attenuation with the
degree of convection compensation of a double stimulated echo
to determine whether or not convection will cause problems under
given experimental conditions.
Although the sample temperature was close to the quiescent
temperature (the temperature that the sample would settle at in
the absence of any VT airflow, minimizing temperature gradients),
the presence of mild convection is to be expected because dichlor-
omethane convects much more readily than most other solvents
used in NMR. The pulse sequence shown in Fig. 1b was used with
a single gradient channel (Gr = Gx, Gy or Gz) to test the effect of con-
vection on DOSY measurements. The 1H NMR spectrum and the
signal intensity of CH2Cl2 as a function of imbalance delay (D2)
are shown in Fig. 2. Diffusion-encoding along the transverse axes
(x and y) preserves full signal intensity at all values of the imbal-
ance delay, whereas in the z-axis DOSY experiment there is severe
attenuation due to convection. Similar results were observed for all
the resonances in the sample. These observations are not unique to
the orthogonal axes (x and y), but similar results were observed
when changing the direction of diffusion encoding in the trans-
verse plane (xy) at nominal 5 steps. Signal attenuation due to con-
vection could only be detected when field gradient pulses along
the z axis were employed to encode/decode diffusion.
The signal attenuation seen in the inset in Fig. 2 is caused by
convective flow driven by temperature gradients across the sam-
ple. Changing the geometry of the sample, particularly reducing
its internal diameter, can reduce the rate of convection, but only
at the expense of sensitivity. The DOSY spectra in Fig. 3(a)–(c),
for gradients along the x, y, and z axis respectively, were con-
structed from the results of fitting the signal attenuation to the
Stejskal-Tanner equation [37] as a function of gradient strength.
The spectra for transverse (x, y) diffusion-encoding experiments
match very well, but the z-DOSY spectrum shows much larger
apparent diffusion coefficients for all resonances. The statistical
uncertainty in D estimated in the fitting process is slightly greater
in the case of z-DOSY, as shown by the vertical widths of the diffu-
sion peaks in Fig. 3(c), but not sufficiently so to be diagnostic of
convection, despite the markedly higher D values. (As noted earlier,
Fig. 3. 1H DOSY spectra of a mixture of coronene (8.96 ppm), trimesitylborane (6.77, 2.28, 1.98 ppm), dichloromethane (5.34 ppm), trimethyltin chloride (0.67 ppm), and
tetramethyltin (0.09 ppm) in dichloromethane-d2 at 25 C. Experiments were carried out using the pulse sequence shown in Fig. 1a. All field gradient pulses were applied (a)
along the x axis, (b) along the y axis, and (c) along the z axis.
Fig. 4. Signal decay (a) and phase errors (b–f) in DOSY experiments using the
Oneshot pulse-sequence and a sample of 1% H2O in D2O, increasing in gradient
amplitude from left to right. Diffusion-encoding gradients were applied along an
axis in the transverse plane, where the angle a between the diffusion gradient and
the x axis was (a and b) 90 {G+y}; (c) 270 {Gy}; (d) 0 {G+x}; (e) 180 {Gx}; (f) 290.
In traces (b–f) the vertical scale is increased by a factor of 50 relative to (a).
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Fig. 5. Experimental (circles) and fitted (solid lines) phase errors (Dh) as a function
of gradient axis angle (a) with respect to the gradient x axis in transverse Oneshot
experiments, for gradient amplitudes of 9.2, 12.6, 15.3, 17.6, 19.6, 21.4, and
23.1 G cm1 respectively from top to bottom in the left hand portion of the graph.
These data were collected using a 0.5 ms gradient stabilization delay.
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include in the sample a species of very high molecular mass, since
anything other than a very low apparent Dwill indicate problems).
While Fig. 3(c) is still of qualitative utility, successfully identifying
both which resonances come from the same species and which
species are larger and which smaller, any attempt to estimate sizes
or molecular masses would greatly underestimate the sizes of the
species. Under these experimental conditions, the conventional
z-DOSY experiment is very inaccurate, but still reasonably precise.
Experiments that provide acceptable precision but poor accuracy
are particularly challenging to interpret correctly. The example of
Fig. 3 shows how vulnerable z-DOSY experiments are regarding
accuracy: the apparent diffusion coefficients derived from the
results in Fig. 3c are a long way away from the true diffusion
coefficients.
3.2. Gradient-dependent phase errors
Besides the effects of convection, DOSY results are also vulner-
able to the undesirable effects of eddy currents and lock distur-
bances caused by field gradient pulses. Small phase errors that
increase with increasing gradient pulse amplitude are often
observed in diffusion-weighted spectra; these complicate analysis
and degrade the accuracy of results. A typical symptom in DOSY
spectra is that multiplet components appear displaced to higher
and to lower apparent diffusion coefficients on opposite sides of
a multiplet, as the increasing proportion of dispersion mode signal
with increasing gradient amplitude raises peaks on one side and
lowers them on the other [35]. The source of the phase errors is
the unavoidable disturbance to the magnetic field and the field-
frequency lock caused by gradient pulses. The magnitudes of such
phase errors depend on the strengths, durations and positions of
the gradient pulses being applied, and hence vary across the series
of experiments with different gradient pulse amplitudes that is
needed to measure diffusion. Similar effects are present to a
greater or lesser extent in all NMR experiments that use pulsed
field gradients, but their effect can normally be removed by a sim-
ple phase correction of the experimental data; only in experiments
that systematically vary gradient amplitudes, notably those for
measuring diffusion, do phase shifts within a given experimental
dataset normally cause problems.
A doped water sample was used to investigate gradient-
dependent phase errors in the Oneshot experiment (see Fig. 4).
The magnitude of the phase error increases with the magnitude
of the gradient, but, interestingly, its sign changes with the sign
of the applied gradient. The magnitudes of the phase errors are
quite different for different gradient axes, and in these experiments
those for x and y gradients have opposite sign. Choosing an inter-
mediate gradient axis at which the phase errors induced by the
x component of a gradient pulse cancel those simultaneously
induced by its y component allows spectra to be measured with
very little systematic phase error.Fig. 5 shows the results of a more systematic exploration of the
experimental phase error in Oneshot experiments using transverse
gradient pulses as a function of the angle a between the net
gradient and the x gradient axis, and of the amplitude G of the
diffusion-encoding gradient pulses. Data were acquired by varying
the nominal x and y gradient amplitudes according to the cosine
and sine of a in 5 steps; in the analysis both the gradient ampli-
tudes and a were corrected for the small difference in gradient coil
efficiency between x and y gradients. A number of interesting con-
clusions concerning the particular instrument used may be drawn
from the experimental data. First, the near-sinusoidal form of the
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mately additive component to the combined effects of x and y gra-
dient pulses. Second, for a given gradient magnitude the phase
error caused by a y pulse is greater than that for an x pulse. Third,
there is a component of the phase error that depends on the mag-
nitude but not on the direction of the diffusion-encoding gradient,
leading to the approximately sinusoidal curves of error versus
angle for different gradient magnitudes being offset with respect
to one another. Fourth, and most useful, the phase errors remain
small over the full range of gradient values investigated for angles
a around 170 and 300.
The data of Fig. 5 can be modelled very simply by assuming that
the gradient-dependent phase error Dh induced contains just three
terms, proportional to the magnitude of the gradient |G|, its x com-
ponent Gx, and its y component Gy:
Dh ¼ e0jGj þ exGx þ eyGy ð1Þ
Least squares fitting of the experimental data to this single
expression gives quite good agreement, as shown by the solid lines
in Fig. 5, for coefficients e0, ex and ey of 0.25, 0.28 and 0.37/
(G cm1) respectively. The optimum angles a here for minimum
phase error are 176 and 290. It is interesting to speculate on
the origins of the different terms. The marked difference in coeffi-
cient between the x and y gradient coils is interesting, and may
reflect the extent to which their respective stray fields intersect
with different conducting components (RF coils, leads, can, foil
dewar shield, other gradient coils, . . .) of the probe and its immedi-
ate surroundings. The remaining axis-independent contribution to
the phase error is much more challenging to interpret, since it is
dependent only on the absolute magnitude of the gradient and
not on its sign or direction. One possible explanation of an
orientation-independent contribution to the phase error would
be disturbance of the field-frequency lock, but in Oneshot experi-
ments the disturbance is relatively small because the sequence is
designed to refocus the lock signal, and in any case similar phase
errors are seen in experiments run with the field-frequency lock
disabled. The effects of most direct mechanisms for field distur-
bance, such as eddy currents or finite gradient fall time, or of con-
vection in a gradient coil not properly centred on the sample active
volume, would be expected to change sign in sympathy with
the gradient. This sign-independence of this component of the
response would be consistent with rectified eddy currents, but in
a well-constructed probe these are unlikely. The axis-
independent term in the phase error seen in these experiments
with transverse gradients is however consistent with the - again
somewhat counter-intuitive - observation that in z gradientFig. 6. Point-by-point DOSY plots showing the variation in apparent diffusion
coefficient across the lineshape of the 1% H2O in D2O sample used, produced using
the experimental data of Fig. 5 and illustrating the effects on DOSY analysis of
variation in apparent signal phase with gradient pulse amplitude. Diffusion-
encoding gradients were applied using gradient axis angles of (a) 50 and (b) 290.experiments, the magnitudes of lineshape distortions can change
significantly if the signs of all the gradient pulses in an experiment
are changed.
Eq. (1) provides a good fit to the experimental data of Fig. 5,
but those data span only a limited range of gradient values, and
were acquired using a pulse sequence in which the diffusion-
encoding gradient pulses were dominant, with the purge gradient
pulse area being small by comparison. Neither the parameters in
Eq. (1) nor its functional form would necessarily be expected to
apply to more complex experiments with more gradient pulses,
or where the diffusion-encoding pulses were comparatively weak.
Because the quantitative dependence of phase error on gradient
amplitude and orientation is a function both of the experimental
hardware and of the pulse sequence and parameters used, for
best results with a particular experiment it would be necessary
to map the phase variation with a test sample using the same
pulse sequence and parameters. However while the magnitude
of the phase error may depend strongly on experimental param-
eters (for example, decreasing the gradient stabilization delay
from 500 to 50 ls increases Dh by a factor of about 1.9), for the
sequence used the functional form of the error appears relatively
stable, so the optimum value of a is rather less sensitive to exper-
imental parameters (changing by only about 10, to 164 and
296, between the two different stabilization delays). Acceptable
performance is obtainable even with the very short stabilization
delay of 50 ls, much shorter than would normally be used in a
z gradient experiment. Interestingly, no significant advantage to
using shaped gradient pulses was found in these experiments.
Results with half-sine shaped gradient pulses were similar to
those for rectangular gradient pulses of equal area, with a similar
dependence on gradient amplitude and orientation.
A very sensitive test of the effects of gradient-dependent
changes in apparent signal phase on DOSY processing is to fit each
point on the experimental lineshape independently, as in Fig. 6,
rather than fitting just the peak maximum and constructing the
DOSY spectrum peak by peak, as in Fig. 3 [4]. If the signal phase
changes monotonically with gradient strength, then on one side
of the peak maximum the signal attenuation will be exaggerated,
as the change in signal phase reduces the signal amplitude, and
on the other side the attenuation will be diminished, as the signal
amplitude increase caused by the phase rotation partially cancels
the diffusional attenuation. In Fig. 6 each data point in the water
lineshape that is above 10% of the peak maximum at the lowest
gradient amplitude is analyzed independently, so that the DOSY
spectrum shows the point-by-point variation in apparent diffusion
coefficient across the signal lineshape. In Fig. 6a a gradient axis
angle a of 50 gives a large change in signal phase with gradient
amplitude, causing very severe variation in apparent diffusion
coefficient. The gradient-induced phase shift lifts the signal to
the left of the peak maximum and lowers the signal to the right,
leading to an apparent diffusion coefficient that increases rapidly
from left to right. A reversal in the sign of the phase shift would
cause a corresponding reversal of the variation of D with
frequency. In contrast, the data in Fig. 6b for a = 290, at which
there is very little sensitivity of signal phase to gradient amplitude,
show very little variation in apparent diffusion coefficient across
the signal lineshape.
3.3. DOSY of a mixture of carbohydrates
A mixture of carbohydrates (sample 3) was prepared to evalu-
ate the performance of the transverse DOSY experiment with a
more challenging sample. Convection test experiments showed
the presence of mild convection, affecting experiments using z gra-
dient pulses but with no measurable effect on experiments using
gradients in the transverse plane. A final 45 pulse was added to
Fig. 7. Plots of xy-Oneshot45 (with a = 155) (a), z-Oneshot45 (b), and DBPPSTE_CC
(c) 1H DOSY spectra, with the corresponding diffusion projections (d–f), of a mixture
of carbohydrates (sample 3) dissolved in D2O, acquired at 40 C. Resonances shown
in the DOSY plots correspond to D-(+)-raffinose, a-D-glucose, D-(+)-trehalose,
a-cyclodextrin, and D-(+)-raffinose in order from high to low chemical shift. The
relative vertical scale of each 2D plot is noted at the bottom right.
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J-modulation [35]. The orientation (a = 155) of the gradient axis
in the transverse plane for diffusion encoding in the transverse
DOSY experiment was chosen to minimize PFG-dependent phase
errors.
Significant differences were seen (Fig. 7) between the results of
z-DOSY and xy-DOSY experiments, with the latter (Fig. 7a and d)
showing very similar diffusion coefficients to convection-
compensated z-DOSY (Fig. 7c and f). The statistics of the DOSY
fitting procedure were used, as normal, to determine the line-
widths of the signals in the diffusion domain of the DOSY spectra
(typically 0.025 and 0.010  10–10 m2 s–1 for z-DOSY and xy-DOSY
experiments respectively). The significant improvement in statis-
tics, and hence in linewidth in the diffusion dimension, on moving
to xy diffusion encoding from z encoding is clear from comparison
between Fig. 7d and f. All of the linewidths seen in the diffusion
domain are within the normal range, so that had only data from
the z-DOSY Oneshot-45 experiment been available (Fig. 7b/e), its
large systematic error would not have been apparent.
As well as showing significantly better precision than conven-
tional z-DOSY experiments, whether convection compensated or
not, xy-DOSY using Oneshot45 has an inherent sensitivity advan-
tage over convection-compensated z-DOSY. The latter uses two
successive stimulated echoes, retaining only a quarter of the avail-
able magnetization, as opposed to a half for single stimulated echo
experiments, causing a factor of two penalty in signal-to-noise
ratio. The xy-DOSY experiment also has the potential to provide
accurate results much faster if time averaging is not required,
because the convection compensated experiment requires a 16-
step phase cycle for clean results but Oneshot45 only a 2-step.
(Here the same number of scans was used, to allow the precision
and accuracy of the different experiments to be compared.)4. Conclusions
The use of transverse field gradient pulses in experiments for
diffusion measurement and/or DOSY can greatly reduce the impact
of sample convection, and, through appropriate choice of gradientaxis can also allow gradient-dependent lineshape distortions to be
minimized. Very similar behaviour is seen for rectangular and half-
sine shaped gradient pulses. While triple axis gradient hardware is
not currently widely used, it has some clear and, in the case of
gradient-dependent signal phase errors, unexpected advantages
where it is available.Acknowledgments
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